Whether a short gamma-ray burst (GRB) is caused by a black hole (BH) or a neutron star (NS) after the merger of a NS binary is a crucial problem. We propose a BH model that explains short GRBs with long-lasting activities such as extended emission and plateau emission up to ∼ 10000 s. To extract the BH rotational energy, the topological evolution of the magnetic field should accompany the mass ejection, mass fallback, and magnetic field reconnection. The observations suggest the magnetic field decay from ∼ 10 14 G to ∼ 10 13 − 10 11 G at the BH, bounded below by the pre-merger strength and kept constant while the luminosity is constant, and the fallback mass of ∼ 10 −4 − 10 −2 M ⊙ , comparable to the ejecta mass implied by the macronova (or kilonova) in GRB 130603B. The BH model has implications for gravitational waves and the equation of state of NS matter.
INTRODUCTION
A black hole (BH) or a neutron star (NS)? This is the fundamental question about the central engine of short gamma-ray bursts (GRBs; e.g., Zhang & Mészáros 2004; Berger 2014) . A leading model for the short GRBs is a binary NS merger. A merger produces a massive NS, which may or may not collapse to a BH depending on the equation of state of NS matter (Bartos, Brady & Márka 2013) . In a BH-NS binary merger, the central engine would be the BH. Obviously, there is a significant difference in the jet formation between a BH and NS. The central engine also affects the gravitational wave (GW) signals (Hotokezaka et al. 2011 ) and the electromagnetic counterparts (e.g., Nakar & Piran 2011; Gao et al. 2013; Takami, Kyutoku & Ioka 2014; Kisaka, Ioka & Takami 2015) . Detection of these signals will be soon realized by laser interferometers such as Advanced LIGO, Advanced VIRGO and KAGRA.
X-ray observations suggest long-lasting activities of the central engines of short GRBs. Following the prompt GRB for ∼ 10 −2 − 1 s, some events show extended emission (∼ 10 2 s; Barthelmy et al. 2005) , which lasts much longer than the typical accretion 3 . Furthermore, some of events accompany even a longer activity (∼ 10 3 − 10 4 s; hereafter we call this plateau emission) (Gompertz et al. 2013; Gompertz, O'Brien & Wynn 2014) 4 . The sharp drop of the light curve is produced only by the activity of the central engine (Ioka, Kobayashi & Zhang kisaka@post.kek.jp kunihito.ioka@kek.jp 1 Theory Center, Institute of Particle and Nuclear Studies, KEK, Tsukuba 305-0801, Japan 2 Department of Particle and Nuclear Physics, SOKENDAI (the Graduate University for Advanced Studies), Tsukuba 305-0801, Japan 3 We define the extended emission as the emission for ∼ 10 2 s, which also includes the plateau component analyzed by Rowlinson et al. (2013) and Lü et al. (2015) .
4 The plateau components with long timescale (∼ 10 3 −10 4 s) are also identified by Rowlinson et al. (2013) . Note that the plateau emission would be sometimes hidden by the afterglow emission or below the detection limit. These events may correspond to the "no breaks" in Rowlinson et al. (2013) and "no plateau samples" in Lü et al. (2015) .
2005)
. In this Letter, we consider the samples in Gompertz, O'Brien & Wynn (2014) .
To explain the long-lasting activities, a highly magnetized and rapidly spinning NS model (magnetar model) is considered (e.g., Metzger, Quataert & Thompson 2008) . This comes from the fact that the spin-down timescale is ∼ 10 3 s for a NS with the dipole magnetic field ∼ 10 15 G and the initial rotation period ∼ 1 ms. The spin-down luminosity is also comparable to the observed one within a reasonable range of the parameters 5 .
In the case of the BH engine, fallback accretion is considered to produce the long-lasting activities (e.g., Lee & Ramirez-Ruiz 2007) . In fact, the released energy is enough to power the observed luminosity. However, the accretion rate of the fallback matter follows a single power-law (see Equation (4); Rosswog 2007) . Then, the resulting activity does not seem to explain the characteristic timescales in the light curve.
In this Letter, we present a BH model that reproduces the long-lasting activities of short GRBs. The point is the topological evolution of the magnetic field associated with the mass ejection and fallback processes. We show that the mass ejection, mass fallback, and magnetic field decay via reconnection are all inevitable events for the jet formation by BlandfordZnajek (BZ) process (Blandford & Znajek 1977) . We find that the magnetic field changes to ∼ 10 14 G, ∼ 10 13 G, and ∼ 10 12 G in the prompt, extended and plateau emission, respectively. The required mass of the fallback matter is ∼ 10 −4 − 10 −2 M ⊙ , which is consistent with the recent numerical simulations (e.g., Hotokezaka et al. 2013; Kyutoku, Ioka & Shibata 2013; Kyutoku et al. 2015) as well as the observed infrared excess (the so-called macronova 6 or kilo-
5 The prompt GRB jet should be launched before the outflow of the long-lasting activities because the outflow becomes too thick for the jet to propagate keeping the prompt timescale ∼ 0.1 s (Nagakura et al. 2014 ) unless the outflow is unreasonably cold (Rezzolla & Kumar 2015; Ciolfi & Siegel 2015) . 6 We use the term "macronova" as a transient with a binary NS merger, especially thermal radiation from the merger ejecta, nova) associated with short GRB 130603B (e.g., Tanvir et al. 2013; Berger, Fong & Chornock 2013; Takami, Nozawa & Ioka 2014; Kisaka, Ioka & Takami 2015) . We introduce our BH model in Section 2. In Section 3, we compare the theoretical light curves with observations. Discussions follow in Section 4.
BLACK HOLE MODEL
In our BH model, a BH is the central engine of short GRBs including long-lasting activities such as extended emission and plateau emission. We consider the BZ process for the BH to launch a relativistic jet (Blandford & Znajek 1977) since the neutrino-neutrino annihilation is not effective at late time (> 1 − 10 s). Our model is based on general topological consideration in Figure 1 , without resorting to specific processes such as radiation mechanisms.
There are three key ingredients for the BZ process, (i) rotation of the BH, (ii) a magnetic field strength on the BH, and (iii) large-scale, poloidal configuration of the magnetic field, which means that the characteristic size of the poloidal field on the BH is much greater than the outer light cylinder (Beckwith, Hawley & Krolik 2008) . We consider the BH with mass M BH , a spin parameter a = Jc/GM BH and a magnetic flux Ψ BH ∼ πr 2 H B H , where J is the angular momentum of the BH, c is the light speed, G is the gravitational constant, B H is the strength of the magnetic field at the BH and r H is the radius of the BH horizon. Then, the total power of the BZ jet is (e.g., Blandford & Znajek 1977; Tchekhovskoy, Narayan & McKinney 2011) 
where κ ≈ 0.05, the angular frequency of the BH is
and a * ≡ a/M BH is the dimensionless spin parameter. Phases I -III in Figure 1 : The rotational energy of the BH formed after the binary NS merger is huge. After the inspiral phase of the binary NS merger (phase I), a hypermassive neutron star (HMNS) is formed (phase II), whose gravitational collapse is prevented by differential rotation and thermal pressure (e.g., Bartos, Brady & Márka 2013) . Within the transport timescales of angular momentum and thermal energy ( 10 −2 − 1 s), the HMNS eventually collapses to a BH with its surrounding torus (phase III) (e.g., Bartos, Brady & Márka 2013; Sekiguchi et al. 2015) . From the numerical simulations, the dimensionless spin parameter of the collapsed BH is a * ∼ 0.7 (Shibata & Taniguchi 2006) . Then, the available rotational energy of the BH is
which is enough to explain the total energy of a short GRB. The problem is how to extract the rotational energy up to long timescale, ∼ 10 4 s.
including an engine-powered macronova (Kisaka, Ioka & Takami 2015) .
A magnetic field is amplified after the merger. In premerger phase, a non-recycled NS has a dipole magnetic field B NS ∼ 10 12 G (phase I). Since the radius of NS, R NS ∼ 10 km, is almost equal to that of the BH horizon with the mass M BH ∼ 3M ⊙ , the strength of the magnetic field at the BH is about B H ∼ B NS thanks to the flux conservation. The corresponding BZ power is too weak to explain the typical observed luminosity of the prompt emission of short GRBs, ∼ 10 49 − 10 51 erg s −1 . At least the strength of the magnetic field B H ∼ 10 14 G is required for the BZ process in Equation (1). Therefore, the magnetic field should be amplified by some mechanism such as Kelvin-Helmholtz instability and/or magnetorotational instability (phase II; e.g., Shibata et al. 2011; Kiuchi et al. 2014 ) in matter such as the HMNS and/or the torus. Recent numerical simulations support such a picture (e.g., Kiuchi et al. 2014 ).
The magnetic field should be expanded to large scale for the BZ process to work. At the same time, this expansion should be associated with the mass ejection because of the frozen-in condition (phase III). The mass ejection is caused by such as winds driven by dynamical interactions (e.g., Hotokezaka et al. 2013; Kyutoku, Ioka & Shibata 2014) , neutrinos (e.g., Dessart et al. 2009 ), magnetic field (e.g., Shibata et al. 2011; Paschalidis, Ruiz & Shapiro 2014) and viscous heating (e.g., Fernández et al. 2015) . Although these scenarios do not currently succeed in numerical simulations, the amplification and the expansion of the magnetic field are necessary to explain the observed short GRBs regardless of details.
Phases IV -VII in Figure1: The central BH accretes mass from the surrounding torus. The timescale of the accretion is determined by the viscosity timescale at the inner radius of the torus t vis ∼ 0.1 s (phase IV; e.g., Zhang & Mészáros 2004) . It has been widely discussed that the torus accretion could explain the prompt emission of short GRBs.
In addition, the ejected matter falls back to the BH. This is because the ejecta become homologous due to the interaction within ejecta (e.g., Hotokezaka et al. 2013) and the interior part of the ejecta does not exceed the escape velocity (phase V). The fallback mass is comparable to or larger than that of the escaping ejecta because the inner part of ejecta is more massive (Hotokezaka et al. 2013) . The temporal evolution of the mass accretion rate is described by the following power-law function (e.g., Rosswog 2007),
where M f ≡ ∞ tvisṀ dt is the total fallback mass. The fallback enables the long-lasting activities of the BZ jet because the pressure of the fallback matter supports the magnetic flux on the BH, (phases V and VII). As long as the magnetic flux Ψ BH is constant, the BZ power does not directly depend on the mass accretion rate (in Equation 1) and the light curve becomes plateaulike L BZ ∼ t 0 (Tchekhovskoy & Giannios 2015) . The important point is that the fallback matter drags the magnetic field line to the BH because of the frozenin condition and eventually forces the anti-directed mag- netic fields to reconnect (phases IV and VI). Then, the magnetic flux on the BH Ψ BH as well as the BZ power L BZ decrease. In other words, the long-lasting activities require the fallback matter, which itself inevitably leads to the magnetic flux decay. This topological argument does not depend on the specific physical processes. Different values of the magnetic fields explain the BZ power at different phases, prompt (phase III), extended (phase V) and plateau emission (phase VII) as quantitatively shown in the next section. The minimum magnetic flux after the reconnection (phase VII) is determined by the initial flux of a NS before the merger (phase I).
Phase VIII in Figure 1 : The BH activity ends if the pressure of the fallback matter becomes too small to support the magnetic flux. Then, the magnetic field lines escape from the BH (phase VIII). Figure 2 shows the theoretical light curve with a thick curve. Black lines denote the constant luminosity phases (III, V and VII), and light-green lines denote the decay phases (IV, VI and VIII). Constant luminosities at three phases (III, V and VII) suggest constant magnetic fields in Equation (1); B H ∼ 10 14 G at the prompt emission (phase III), ∼ 10 13 G at the extended emission (phase V) and ∼ 10 12 G at the plateau emission (phase VII), respectively. Here, we assume a * ∼ 0.7 (Shibata & Taniguchi 2006) , so that r H = (1/2) 1 + 1 − a 2 * R s ∼ 0.86R s , where R s = 2GM BH /c 2 is the Schwarzschild radius. To convert the luminosity from the BZ power L BZ to the observed isotropic luminosity L, we take into account the beaming correction (θ 2 j ∼ 10 −3 ; Fong et al. 2014 ) and the radiative efficiency (η ∼ 0.1; e.g., Zhang et al. 2007) ,
LIGHT CURVE
Using Equations (1) and (5), the strength of the magnetic field is determined by the observed luminosity L as
A characteristic timescale of the BZ jet activity is determined by the pressure balance near the BH. As the mass accretion rate decreases, the pressure of the fallback matter p f falls short of the magnetic pressure p B (making a magnetically-arrested disk; e.g., Bisnovatyi-Kogan & Ruzmaikin 1976; Narayan, Igumenshchev & Abramowicz 2003) . Then, the magnetic flux expands the torus and decreases on the BH, leading to the reduction of the BZ power. The pressure of the magnetic field is
under the magnetic flux conservation, where R is the radial distance. The pressure of the fallback matter is
where v R is the radial velocity. For the radial velocity v R , we assume v R ≡ ǫv ff where v ff = GM BH /R is the free-fall velocity. For the value of ǫ, we adopt ǫ ∼ 10 −2 which is supported by the observations and numerical simulations of the relativistic jets (e.g., Tchekhovskoy, Narayan & McKinney 2011; Zamaninasab et al. 2014) . Then, the magnetospheric radius R m , where the equilibrium point between two pressures p f (Equation 7) and p B (Equation 8 ), is
Using Equation (9) and the temporal evolution of the mass accretion rate (Equation 4), we obtain the characteristic timescale of the BZ jet
Using Equations (6) and (10), the total fallback mass is determined by the observed luminosity L and duration T as
After the time t > T , the BZ power evolves as L BZ ∝ t −40/9 derived by the magnetic flux Ψ BH ∝ R −2 m and the time dependence R m ∝ t 10/9 from Equations (4) and (9). Thus, we model the BZ power as
The maximum value of the BZ power L BZ is determined by the accretion powerṀ c 2 . In fact, using the condition p f > p B and Equations (1), (7) and (8), the ratio is L BZ /(Ṁ c 2 ) 1. For comparison, we plot the mass accretion rate with the beaming correction (2/θ 2 j )Ṁ c 2 ∼ 10 3Ṁ c 2 in Figures 2 and 3 as thin dotted lines.
Our theoretical light curve is consistent with the observations. As an example, we plot the observational data 7 of short GRB 070714B, which has extended and plateau emission in Figure 2 . -Theoretical light curves for 9 short GRBs used in Gompertz et al. (2013); Gompertz, O'Brien & Wynn (2014) . For the redshift values, we follow Gompertz et al. (2013) except for GRB 051227 (z = 0.8; D'Avanzo et al. 2009 ).
In Figure 3 , our model is consistent with other 9 short GRBs used in Gompertz, O'Brien & Wynn (2014) . The ratio L BZ /(Ṁ c 2 ) 1 is satisfied for all samples.
4. DISCUSSION Figure 4 shows the total fallback mass M f and magnetic fields B H at extended (blue triangles) and plateau emission (red circles) evaluated by the observed luminosity L and duration T with Equations (6) and (11). The magnetic field at the plateau emission is B H ∼ 10 11 −10 12 G, which is consistent with a typical value of pulsars and the observed value of a non-recycled pulsar, PSR J0737+3039B, in the double pulsar system (Lyne et al. 2004) . For the extended emission, slightly strong magnetic field B H ∼ 10 13 G is required to explain the observations. Different values of the magnetic field between prompt and extended emission may suggest that the magnetic field in the torus formed at the collapse of the HMNS is larger than that in the ejecta. On the other hand, the total fallback masses M f for both extended and plateau emission in Figure 4 are consistent with the ejecta mass M f ∼ 10 −4 − 10 −2 M ⊙ obtained from the numerical simulations (Hotokezaka et al. 2013 ) and the observation of a macronova following GRB 130603B (e.g., Tanvir et al. 2013; Berger, Fong & Chornock 2013; Takami, Nozawa & Ioka 2014; Kisaka, Ioka & Takami 2015) . The fallback masses for the extended and plateau emission are similar in each event, partly supporting our model.
In Figure 4 , we also compare our BH model with GRB 080503, which has a bright extended emission and a weak or no plateau emission. The parameters were unobtainable in the magnetar model (Gompertz et al. 2013; Gompertz, O'Brien & Wynn 2014) . We obtain only the upper limit on the magnetic field B H at the plateau phase (red arrow), which are consistent with the other events.
Rapid declines of some light curves may indicate that the magnetic field is decayed by reconnection since Equation (12) assumes the flux conservation. Note that the released energy due to the reconnection is negligible for Some events are accompanied by X-ray flares (e.g., Margutti et al. 2011) . These activities could be explained by the accretion of blob with the same magnetic polarity as Ψ BH , the decrease of the jet openingangle θ j (Mizuta & Ioka 2013 ) and/or the increase of the radiative efficiency η. After the time t > T , the accretion could be episodic, so that the magnetic flux on the BH Ψ BH fluctuates (e.g., Proga & Begelman 2003) . This potentially gives the flaring activities (e.g., Proga & Zhang 2006) .
The extended or plateau emission is only seen in a fraction of the short GRBs. As mentioned in Section 1, the plateau emission could be hidden by the afterglow emission or below the detection limit. Outflows from the accretion disk could also interact with the fallback matter (Fernández et al. 2015) and reduce the extended and plateau emissions.
The model in Figure 1 is applicable to the merger of a NS-BH binary. The merger produces a BH-torus system with mass ejection (e.g., Kyutoku, Ioka & Shibata 2013; Foucart et al. 2015; Kyutoku et al. 2015) . Difference from the case of the binary NS merger is that a HMNS is not formed in the NS-BH merger case. However, the magnetic field amplification in the torus is possible (e.g., Paschalidis, Ruiz & Shapiro 2014). Therefore, the phases III -VIII would be the same for both cases.
The model in Figure 1 is also applicable to long GRBs since the mass ejection and fallback could also occur with the supernova explosion and/or the central engine activities. This topic will be discussed in future work.
The long-lasting activities would significantly affect the macronovae (Kisaka, Ioka & Takami 2015) since the energy injected to the preceding ejecta suffers from relatively small adiabatic cooling. This issue will be studied in a separated paper.
